Background: At autopsy, 20%-40% of chronic multiple sclerosis (MS) lesions are labeled "slowly expanding" and feature myelin phagocytosis at the lesion edge. As pathological lesion classification relies on a single, terminal time point, the rate of lesion expansion cannot be directly measured. Objective: To study long-term volume changes in individual MS lesions. Methods: Volumes of individual lesions on proton density magnetic resonance imaging (MRI) acquired between 1992 and 2015 were measured in 22 individuals (one lesion per person). After correction for acquisition protocol, a mixed model evaluated lesion volume changes. Results: The mean (standard deviation) lesion volume at baseline was 142 (82) mL, falling to 74 (51) mL after 16 (3) years. All lesions shrank over time. Change in lesion volume did not correlate with change in supratentorial brain volume (p = 0.33). In simulations, the results could be explained by a process of slow radial expansion superimposed on substantially more rapid resorption of damaged tissue. Conclusion: We noted sustained radiological contraction of MS lesions, a surprising result given that fresh myelin breakdown products within chronic active lesions are observed relatively frequently at autopsy. Therefore, the primary pathological process in chronic lesions, even those described as "slowly expanding," is likely to be tissue loss.
Introduction
Multiple sclerosis (MS) is an inflammatory disease of the central nervous system characterized by demyelination within focal "lesions." 1 In the white matter, lesions form around veins and may show partial loss of axons, variable degrees of reactive astrocytic scar formation, inflammation, demyelination, and remyelination-all of which may coexist within the same lesion. Based on the degree and nature of the immune reaction observed at autopsy, white matter lesions (WML) have been classified as "classically active," "slowly expanding" (SEL) or "smoldering," 2 and "chronic inactive." 3 At autopsy, particularly in progressive MS, approximately 20% 2 -40% 3 of WML are categorized as SEL, characterized by a low degree of inflammation and microglial activation at the lesion edge. 3 In these lesions, ongoing myelin destruction has been hypothesized to contribute to accrual of disability in progressive MS. 4 However, as pathological lesion classification relies on analysis of a single time point, the rate of "expansion" over time-or even whether SEL truly enlarge in the first place-remains speculative at best.
Magnetic resonance imaging (MRI) with proton density (PD) weighting has long been to study MS lesions [5] [6] [7] at a variety of magnetic field strengths. 8, 9 PD images, though helpful for detecting lesions, are not thought to report specifically on the pathological changes of demyelination, remyelination, inflammation, and edema. 10 Therefore, it remains exceedingly difficult to assess the pathological status of an individual lesion based on scans taken at a single time point. In the search for alternative noninvasive surrogates, lesion evolution over time is particularly attractive, as the pathological classification scheme suggests distinct patterns in this domain. In principle, by nature of their pathology, classically active lesions might be expected to change rapidly, SEL to slowly enlarge over time, and chronic inactive lesions to shrink as tissue is lost. Identifying the relative proportions of lesions of these various types could in principle be used to improve our understanding of the relationship between imaging abnormalities and clinical disability in MS, which is at present less than satisfactory. [11] [12] [13] [14] Furthermore, such an approach might identify specific lesions that could be targeted in trials of new therapies designed to protect tissue at risk or promote its repair. In this study, we characterized the evolution of individual chronic WML by investigating long-term changes (15-20 years) in lesion volume (LV) using PD MRI. We selected this imaging contrast for the primary analysis as it has been used for many years in MS MRI research to study these lesions and therefore allows an opportunity for long-term study.
Methods

Participants and lesions
We selected for study people with multiple sclerosis (PwMS) who had been seen in our clinic and had archived MRI scans over the course of approximately two decades. A total of 22 PwMS, whose first scan was between 1992 and 1999, were studied based on the identification of at least one discrete, non-enhancing, supratentorial WML at baseline, which remained discrete for the duration of the follow-up. Scans were obtained following informed consent under institutional review board-approved clinical research protocols.
Data acquisition
MRI scans, including (variably) PD, T1, T2, and T2-fluid-attenuated inversion recovery (FLAIR), were acquired between 1992 and 2015, using a variety of protocols and slice thicknesses, on either a 1.5 T (GE) or a 3 T (Siemens Skyra, Philips Achieva, or GE HDx) scanner (Table 1) . Visually, the PD images had the most consistent contrast over time. A total of 269 scans were collected with in-plane resolution of 1 mm × 1 mm, 0.5 mm × 0.5 mm, or 0.3 mm × 0.3 mm. The slice thickness was 5 mm (1992-2002; n = 107), 3 mm (2003-2015; n = 155), 1 mm (2014-2015; n = 4); one scan had slice thickness of 0.5 mm and two scans had slice thickness of 0.3 mm. Clinicians recorded detailed medical histories and neurological examinations, including estimations of the Expanded Disability Status Scale (EDSS), periodically throughout the study period. In addition to demographic details, disease phenotype and history of disease-modifying therapy (DMT) and treatment with steroids were also recorded.
To study the effect of slice thickness on estimation of LV, PD scans (in-plane resolution 1 mm × 1 mm and slice thickness of 1, 3, or 5 mm) were obtained at the same sitting from 15 PwMS on the 3T Skyra scanner using a routine dual-echo sequence.
Image analysis
Estimation of lesion and supratentorial volume. Lesions were marked on unregistered, unnormalized PD images at a median of 13 time points (range: 2-19) using the image analysis software JIM 7.0. A contour was drawn around the entirety of the lesion on every slice where it was visible, and the LV thus estimated was noted at each successive time point. For 13 randomly selected lesions, LV was manually computed by two trained raters (V.S. and A.V.) blinded to demographics. Inter-rater variability for manual estimation of LV was assessed using the intraclass correlation coefficient. The supratentorial volume was estimated using lesionTOADS. 15 As FLAIR scans were required for this estimation, data were available for only 90 time points (of a total of 269).
Volume-slice thickness effect. Data were acquired by collecting PD scans at different slice thicknesses on the same day in 15 PwMS (6 of whom were among the 22 PwMS whose lesions were studied longitudinally). These data were then modeled, using simple linear regression, to derive a "transformed" (slice-thicknessadjusted, log-transformed) LV at each time point.
Analysis of longitudinal volume data.
Transformed LV data were analyzed, first by comparing baseline and last time point (Table 2) , and second by modeling volume change over time through mixed-effects models. Such models have been used for retrospective longitudinal data analysis in MS, 16 are efficient even when including data from participants with few or missing time points, and yield participant-specific intercepts and slopes. Subject-and population-level effects are naturally accounted for in these models, providing a comprehensive interpretation of the data. As in our prior work, 16, 17 we included age as a fixed effect (instead of time since baseline) and sex and treatment as covariates. The association between the estimated lesion-specific slopes and clinical variables was studied using Pearson's correlation coefficient.
Mixed-effects models were also used to study the rate of change in supratentorial volume over time. Pearson's correlation was used to study the association between annual changes in lesion and supratentorial volume derived from the random-effects estimates. 
Simulations
To better understand our data, we undertook simulations based on hypothesized patterns of lesion expansion and shrinkage that could simultaneously be taking place within a lesion. Spherical lesions were simulated as enlarging either as a result of inflammation at the lesion edge, which could increase LV in proportion to either the radius or the volume of the lesion, or alternatively at a fixed rate over time.
Lesion shrinkage either could be most aggressive at the lesion center, where tissue damage is thought to be most severe, 18 or alternatively could occur in a fixed amount per unit time over the entire extent of the lesion. The simulation was investigated in an attempt to understand the rate of decrease in LV. We modeled the parameters taking into account both expansion at the lesion boundary (proportional to radius or volume of lesion or at a fixed rate over time; supplement equations (2)-(4)) and resorption (either as a function of LV or at a fixed rate over time; supplement equations (5) and (6)).
The net change in LV was modeled as the difference between the volume gained through the expansion process and the volume lost through the shrinkage process. Mathematical details are provided in the online supplementary material. The simulation results were compared to the observed rates of change in LV from the mixed-effects model. The simulations were not intended to provide realistic geometric models but to provide an overall context for interpretation of the longitudinal data.
Statistical analysis
Statistical analysis used SAS version 9.3. Distribution of residuals was checked with the Shapiro-Wilk test.
Results are expressed as mean (standard deviation, SD) unless otherwise mentioned, and p < 0.05 was considered to be statistically significant. The volumes of 22 lesions were estimated using PD scans. When possible, scans prior to "baseline" were checked to assess lesions' enhancement history. One lesion enhanced 6 months prior to baseline and one enhanced 18 months prior to baseline. For three lesions, no preceding scan was available. For the others, no enhancement was detected on any of the prior scans. Representative images from one person are shown in Figure 1 . Across the cohort, raw (uncorrected) LV decreased from 142 (82) to 74 (51) µL, with an annualized change of −4.1 (3.3) µL/year ( Table 2 ). Volume estimates in 19 of 22 lesions were smaller at follow-up than at baseline, one lesion was essentially stable, and two lesions had slightly larger LV at follow-up. In 13 lesions for which LV was estimated twice by each of two raters, the intraclass correlation coefficient was 0.96 within raters and 0.87 across raters.
Results
Descriptive statistics
Effect of slice thickness on LV
Volumes of 15 discrete, supratentorial WML were acquired at different slice thicknesses within a single imaging session. Measurements at different slice thicknesses ( Figure 2 ) were used to establish, through linear regression, the following relationship between voxel and LV (in µL)
adjusted LV = log LV + 1 + 0.1065 voxel volume 3
The adjusted LV was used for the mixed-effects modeling.
Mixed-effects modeling of volume changes
The residuals using raw data were not distributed normally (Shapiro-Wilk test using Pearson residuals p < 0.0001), whereas the residuals based on log transformation followed a normal distribution (Shapiro-Wilk test using Pearson residuals p = 0.1562); we thus used log-transformed data for the mixed-effects model.
Mean rate of change of adjusted LV was −4.5% (2.3%) (range: -10.3% to -1.6%) (Figure 3(a) ). In this analysis, no LV showed a positive slope to suggest true enlargement. Lesion-specific rates of change showed no correlation with baseline EDSS (p = 0.29), last available EDSS (p = 0.29), or change in EDSS (p = 0.71). Furthermore, there was no association between lesion-specific rates of change and baseline (p = 0.72) or final (p = 0.31) LV. Variables considered as covariates included sex (p = 0.16), history of treatment with DMT (p = 0.57), and treatment with steroids within 30 days prior to the scan (p = 0.14); these were dropped from the final model due to lack of association.
A similar model estimated the rate of change in untransformed supratentorial volume (Figure 3(b) ). Across the population, supratentorial volume changed by a mean of −5 (2.6) (range: −10 to 1.5) mL/year. There was no correlation between the rates of change in lesion and supratentorial volume (p = 0.33; Figure 3(c) ).
Simulation
A series of simple simulations assessed the conditions under which a fixed rate of lesion shrinkage, of approximately 4.5% per year, could be realized. The simulations allowed simultaneous lesion expansion (at the edge, in proportion to either the radius or the volume of the lesion) and contraction (either at the center in proportion to the lesion radius, or homogeneously throughout the lesion). A constant proportional rate of lesion shrinkage was found to require models that assumed homogeneous tissue resorption throughout the lesion and was best recapitulated when expansion at the lesion edge was proportional to lesion radius. For example, using an initial lesion radius of 5 mm, radial expansion of 1%, and annual within-LV loss of 10%, the model predicted a stable erosion rate of ~4% per year (Figure 4 ; green line).
On the contrary, a model that assumed tissue resorption only at the lesion center resulted in accelerating lesion erosion over time (Figure 4 ; red line), which was not reflected in our longitudinal data.
Discussion
The time-evolution of long-standing WML (one per person) was studied radiologically in 22 PwMS. After adjustment for scanning protocol and regression analysis, all lesions were found to shrink, at a mean rate of 4.5% (SD: 2.3%) per year, independent of sex or treatment with DMT or steroids. A mathematical simulation suggested that our findings may be explained by the overlap of multiple pathological processes, including tissue resorption within the lesion and inflammatory expansion at the lesion edge.
Chronic WML in MS can generally be grouped into inactive lesions (without ongoing inflammation) and "slowly expanding" or "smoldering" lesions (with peripheral inflammation and ongoing myelin phagocytosis). 2, 3 The suggestion of ongoing demyelination has led to the concept that these lesions enlarge over time, 19 though the rate of enlargement cannot be inferred directly from tissue-based analysis at autopsy. Enlarging lesions have also been reported in some earlier MRI studies 20 and are commonly reported in clinical trials, but these are probably mostly lesions of recent onset.
The finding of sustained contraction in all the lesions that we imaged over a mean of 16 years was therefore surprising. One possible explanation for lesion contraction could be ongoing repair, such as remyelination. However, most remyelination is thought to occur within the first few months after lesion onset, perhaps up to 1 year, 19, [21] [22] [23] and the lesions studied herein were non-enhancing (i.e. chronic) even at the first time point. In our view, it is therefore more likely that the lesion contraction we observed was primarily the result of slow loss of damaged tissue, which must have overwhelmed any concurrent lesion enlargement. Indeed, our simulations demonstrated that reasonable rates of expansion and atrophy could generate Simulations predict a stable erosion rate of ~4% per year (solid green line) when assuming that lesion tissue is resorbed as a fixed percentage of the volume, even while the lesion undergoes expansion at the edge at a rate proportional to its radius. This finding is consistent with our longitudinal in vivo data. On the other hand (dashed red line), in the simulation assuming that tissue is preferentially resorbed at the lesion center, even with ongoing expansion at the edge, the rate of lesion erosion accelerates over time, a situation not recapitulated in vivo.
the roughly constant proportional loss of LV that we observed. Of course, in the absence of tissue-based analysis, it is impossible to say whether any of the lesions in this study would have met the pathological definition of SEL. A model with only resorption might fit the data as well, if appropriate parameters for the resorption process are chosen. The simulations suggest that a slow expansion process could coexist with the resorption process, and as such our major conclusion is that whatever expansion is taking place in "slowly expanding lesions" could be more than counterbalanced by tissue loss.
Although expansion of chronic lesions into adjacent myelinated white matter and loss of axons traversing the same lesions can both, in principle, damage normal brain tissue, we found no correlation between rates of change in supratentorial brain volume and LV. Given that total white matter (including areas with both normal and abnormal signal on MRI) has been shown to be at most only slightly atrophic in MS, 24 and not to change substantially over moderately long periods of time, 16 our results seem to suggest that slow erosion of existing lesions does not, on its own, contribute substantially to tissue loss. However, we have considered only one lesion per person, and it is possible that a more comprehensive analysis is required to detect an effect of lesion erosion on brain atrophy. It should also be noted that axonal degeneration within individual lesions can have widespread effects, 11, 12, [25] [26] [27] [28] and these effects may depend on local connectivity patterns, thus potentially amplifying the erosive effect of withinlesion tissue loss. Detailed analysis of these effects is beyond the scope of this study and would be difficult to perform reliably with available data. It is also possible that the reduction in LV observed in our data may result from global degenerative processes, rather than the other way around. 29, 30 Clinical trials frequently report the number of new and enlarging lesions as measures of therapeutic efficacy 31, 32 but provide limited information about longterm benefits of treatment. Interestingly, we found no consistent effect of sex and treatment with DMT or steroids on rates of LV change. Nonetheless, previous studies investigating lesion recovery patterns report a limitation of tissue damage and enhanced recovery under some treatments. 33, 34 Further research can assess whether MRI outcomes, such as the long-term rate of LV change, may be useful to assess the effects of treatment on disease progression.
A limitation of our study is that by choosing lesions that remained discrete over nearly two decades, our data are subject to selection bias, meaning that we may have artificially excluded the class of SEL. Put another way, truly enlarging lesions are more likely to become confluent over time, particularly in people with high lesion load. To partially address this possibility, we analyzed four additional lesions that started discrete but became confluent during the course of the follow-up; none of those lesions was found to decrease in size prior to the point of becoming confluent (data not shown). Additional work, perhaps based on detailed lesion morphology assessed at ultra-highfield (7T) MRI, or even pathology, in comparison to historical MRI datasets, would be necessary to obtain a more complete understanding of the significance of LV changes over time.
In our modeling, we found that a fixed relative (percentage) change was more consistent with the observed data than an absolute change (comparative modeling not shown). It is possible that more complex nonlinear models, perhaps including inflection points related to treatment with immunomodulation and steroids, would be more accurate, but as our population was heterogeneous, and our dataset relatively small, we did not consider such scenarios here.
Another challenge of the present analysis is the heterogeneous and even subtle changes in MRI protocol parameters inevitable in long-term studies. In order to control for, to the extent possible, the effects of variability in protocol parameters, we chose to analyze fastspin-echo PD scans. We found that other than field strength and receiver coil type, the major change in the parameters of the PD scans over time was slice thickness, and its effect on computation of LV was modeled by scanning patients with several different slice thicknesses in a single sitting. We then mitigated the slice thickness effect by transforming all scans to a single slice thickness and using the resulting transformed data for all further analysis. We found that there was an overestimation in LV when lesions were imaged with thicker slices, which can be attributed to increased partial volume effects along the slice direction. 35 We acknowledge, however, that our attempts to homogenize the data are fundamentally imperfect in the absence of a standard such as a realistic phantom scanned with the same techniques over the duration of follow-up.
Overall, our findings suggest that pathological descriptions based on single-time-point observations, such as the concept of SEL, may fail to correlate with in vivo findings, as assessed by MRI. In a broader sense, combining longitudinal LV information of the type reported here with detailed analysis of lesion imaging characteristics might provide useful information for participant selection in clinical trials, while simultaneously allowing improved understanding of the clinical impact of lesions on morbidity and progression of disease.
